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The aim of this study was to encapsulate curcumin into chitosan, using sodium tripolyphosphate (TPP) as an ionic crosslinker by the 
spray drying method. The influence of TPP on the properties of the final product, such as solubility, morphology, loading efficiency, 
thermal behavior, swelling degree and release profiles, was evaluated. The microparticles had a spherical morphology (0.5-20 µm) 
with no apparent porosity or cracks. Results indicated the formation of a polymeric network, which ensures effective protection for 
curcumin. Controlled-release studies were carried out at pH 1.2 and 6.8, to observe the influence of pH on curcumin release while 
the mechanism was analyzed using the Korsmeyer-Peppas equation.
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INTRODUCTION 
Curcumin (1,7-bis (4-hydroxy-3-methoxyphenyl)-1,6-hepta-
dien-3,5-dione) is the major component (~ 80%) of rhizomes of 
Curcuma longa L. and saffron. This compound exhibits many im-
portant properties, serving as an antioxidant and anti-inflammatory,1-4 
chemopreventive and chemotherapeutic in cancer treatment, for 
antiseptic use and skin healing.4-7 The other components of Curcuma 
longa rhizomes L. also have biological activity, notably demethoxy-
curcumin (~ 10 to 15%) and bis-demethoxycurcumin (~ 5%).8
Reports in the literature show that curcumin has low solubility 
in pure water and aqueous acid solutions, but has good solubility in 
basic medium and in solvents such as ethanol, acetone, chloroform 
and dimethylsulfoxide.4 It is generally used in basic form in soluble 
formulations, since for use in water it needs to be emulsified or com-
plexed. Curcumin application in aqueous solution is limited to the 
basic pH range.9,10 Curcumin solubility can be increased by chemical 
modification or derivatization, such as complexation or interaction 
with macromolecules, surfactants and copolymers.11 The spray drying 
technique represents a good alternative to obtain a soluble system for 
the industrial application of curcumin.11,12
This technique has been widely used in the food and pharma-
ceutical industries to produce granule formulations with specific 
properties for the development of tablets and to increase the solubil-
ity of compounds otherwise poorly soluble in water. Spray drying 
has also been employed in the development of mucoadhesive sys-
tems.13,14 The literature provides limited information regarding the 
association between curcumin and macromolecules, with reports 
principally involving the use of the biopolymer chitosan (Figure 1).15 
Chitosan is a copolymer formed from units of 2-deoxy-N-acetyl-D-
glucosamine and 2-deoxy-D-glucosamine linked through glycoside 
b (1→4) bonds. It is obtained from the alkaline deacetylation of 
chitin and is classified as a non-toxic, biocompatible and biode-
gradable polymer, and has been used in the biomedical field. In the 
food industry, the use of chitosan is currently being investigated in 
a bid to obtain new formulations in which natural dye stability is 
guaranteed.16-18
The use of different techniques and crosslinking agents to 
produce chitosan microparticles is described in the literature, and 
the association of the spray drying technique and tripolyphosphate 
appears to be a promising alternative to promote differential curcumin 
delivery. Sodium tripolyphosphate (TPP) is a non-toxic crosslinker 
which can be used for the preparation of chitosan microparticles. 
The PO43- groups present in the TPP structure are easily attracted 
by protonated chitosan NH3+ groups through ionic crosslinking.19-23
In view of these observations, the aim of this study was to develop 
a new curcumin/TPP/chitosan system using the spray-drying techni-
que and to investigate the process variables, particularly the influence 
of the crosslinking agent on the microparticle characteristics.
EXPERIMENTAL
Materials
Fine chemical-grade chitosan derived from shrimp-shell chi-
tin, with a degree of deacetylation of around 86% and molecular 
weight of around 122300 g mol-1, was purchased from Purifarma, 
São Paulo – SP, Brazil. The curcumin pigment was kindly supplied 
by Christen-Hansen Ind. & Com. Ltd, Valinhos – SP, Brazil, as an 
oleoresin. Pure standard curcumin (99%) was acquired from Merck, 
Figure 1. Chemical structures for curcumin (a) and chitosan (b)
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Darmstadt, Germany. All chemicals used were of pharmaceutical or 
analytical grade.
Methods
Spray drying of chitosan solutions containing curcumin
The chitosan (2.0 g) was dissolved in 100 mL of 5% acetic acid 
solution containing 1% of Tween-80 for 12 h. Dispersions containing 
25 mg of curcumin were homogenized in chitosan solutions for 2 
h, and 2% (w/v) sodium tripolyphosphate was added to these solu-
tions in different proportions (0.5, 1.0 and 2.0 mL). After the addi-
tion of TPP, the solutions remained for 2 h under stirring and were 
subsequently submitted to the spray drying process using a Buchi 
mini spray drier, model 191 (Buchi, Germany). The samples were 
atomized under standardized conditions: drying air at 180 ± 5 °C, 
air outlet temperature at 80 ± 5 °C, pressure of 5 bar, feed rate of 
1.5% (1.5 mL sample/min), flow of 500 NL/h and manometric pres-
sure of 5 bar. The drying process varied between 30-50 min. After 
drying, the product was collected in the form of a fine powder. The 
non-crosslinked sample was identified as F1 and samples containing 
0.5, 1.0 and 2.0 mL of TPP were denoted F2, F3 and F4, respectively.
Morphology and size of microparticles
In order to study the shape, size and external morphology of 
the microparticles, the samples were analyzed by scanning electron 
microscopy (SEM). Microparticles were placed on stubs and covered 
with a layer of gold/palladium to form a conductive film using a Bal-
tec cool sputter coater (model SDC 005). Micrographs of the samples 
were obtained using a Philips scanning electron microscope (model 
XL 30) at an intensity of 10 kv and different magnifications. Particle 
size was estimated from the measurement of around 200 particles, 
assuming spherical shape, lying within an arbitrarily chosen area of 
enlarged micrographs, using the Image Tool 3.0 software.
Loading efficiency 
The curcumin content in the chitosan microparticles was determi-
ned by previous dissolution of the microparticles. Samples (30 mg) 
were dissolved in 25 mL of 0.1 mol.L-1 acetic acid at pH 4.0 for 
1.5 h. After filtration, the concentration of curcumin in the acetic acid 
solution was determined on a Shimadzu UV-Vis spectrophotometer 
(model UV-1201), set at 429 nm. The calibration curve was produced 
with a curcumin standard sample, purchased from Merck, dissolved 
in a solution composed of buffer solution pH 4.0 and ethanol 80:20 
(y = 0.0126 + 0.0794x; r2 = 0.994). Loading efficiency tests were 
assayed in triplicate for each sample. 
Infrared spectroscopy
The samples were analyzed by infrared spectroscopy using a 
Perkin Elmer infrared spectrometer (model FT-PC-160). The sam-
ples were prepared as KBr pellets, using 16 scans and a resolution 
of 8 cm-1.
Thermogravimetric analysis
The samples were analyzed with a Shimadzu thermogravimetric 
analyzer (TGA50, Kyoto, Japan) in a nitrogen atmosphere. The 
heating rate of the experiment was 10 oC min-1. Nitrogen flow was 
maintained at 50 mL min-1 and samples of 12 mg were used for all 
experiments.
Differential scanning calorimetry
DSC curves were obtained on a Shimadzu DSC-50 cell using 
aluminum crucibles containing around 12 mg of samples, under 
dynamic N2 atmosphere (flow rate: 50 mL min-1). Samples were 
heated to 140 °C in order to evaporate the residual and adsorbed 
water (first run), cooled to ambient temperature and reheated. The 
temperature range for the second run was 25 to 300 °C with a heat-
ing rate of 10 ºC min-1. An empty aluminum pan was used as a 
reference. The DSC cell was calibrated with indium (mp 156.6 ºC; 
∆Hfusion = 28.54 J g-1) and zinc (mp 419.6 ºC). 
Swelling degree
The dry microparticles were initially weighed and then kept in 
pH 7.5 buffer solutions. The solutions containing the microparticles 
were transferred to a Marconi mini-shaker incubator (model MA 
832) and maintained under stirring at 25.0 ± 0.1 °C. After 24 h, the 
solutions containing the microparticles were centrifuged at 1000 rpm, 
the supernatant was discarded and the bottles containing the remaining 
swollen microparticles weighed again. The swelling capacity of the 
microparticles was calculated using Equation 1:
  (1)
where Wt and Wo, refer to the weights of the samples at time t and in 
the dry state, respectively. The swelling data for the microparticles 
are given as the mean of three determinations.
In vitro release studies
Microparticles (25 mg) were suspended in 25 mL of buffer 
solution: pH 1.2 and 6.8. At predetermined time intervals, 3 mL of 
sample was withdrawn to determine the quantity of dye released 
and an equivalent amount of fresh dissolution media, pre-warmed to 
25 ± 5 ºC, was used to replace the amount removed. The samples were 
analyzed at 429 nm, by UV-Vis spectrophotometry. The percentage 
of dye released was calculated using a calibration curve produced for 
the standard curcumin purchased from Merck, dissolved in a solution 
comprising buffer solution and ethanol 80:20 (pH 1.2: y = 0.0134 + 
0.0734x; r2 = 0.998 and pH = 6.8: y = 0.0143 + 0.0774x; r2 = 0.992). 
All experiments were performed in triplicate. The results are expres-
sed as cumulative curcumin release within the experimental time 
(± standard deviation). In vitro release tests were carried out until 
total dissolution of the microparticles was attained.
RESULTS AND DISCUSSION 
Scanning electron microscopy (SEM) 
The atomized samples were morphologically characterized by 
SEM, including determination of the particle size distribution. The 
micrographs of the samples are shown in Figure 1S, supplemen-
tary material. The samples were found to have very similar external 
morphologies. All microparticles were spherical, without fissures or 
apparent porosity, and with a dense structure, a factor important for 
ensuring effective protection of the encapsulated material. The diam-
eters of ∼200 randomly selected particles were measured on enlarged 
SEM images. The size distribution in the samples was determined by 
manual measurement of the vertical and horizontal particle diameter. 
Size distribution has been widely used to describe the polydispersity 
of small particles, mainly in samples where smaller particle sizes are 
difficult to measure and some aggregation occurs. In this study, the 
particle size distribution ranged from 0.5-12 µm. A higher concentra-
tion of TPP in the solution increased the aggregation of the sample, but 
the average size of microparticles reduced only slightly. This finding 
can be attributed to an increase in the moisture content of the sample, 
which causes agglutination of the particles.19 Isolated microparticles 
with sizes of up to 20 µm were observed on all of the SEM analyses. 
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Desai and Park19 reported that an increase in the volume or 
concentration of TPP promotes a loss in microparticle sphericity, 
stimulating a rugose surface aspect and agglomeration. These char-
acteristics were also reported by Liu et al.,23 who confirmed reduced 
microparticle sphericity when samples were prepared with chemical 
crosslinkers (glutaraldehyde and formaldehyde), compared with the 
ionic crosslinking agent TPP.
Loading efficiency 
Comparative data on curcumin loading efficiencies for the diffe-
rent samples is given in Table 1. 
The results indicate that the loading efficiency ranged from 
62.36 to 72.99%. With high additions of crosslinking agent the 
loading efficiency decreased, probably due to the presence of 
particles with an irregular surface which can cause losses during 
the spray drying process.19,21 Another important factor associated 
with a higher TPP concentration was the formation of an effec-
tive polymeric network which can promote the exposure of the 
compound to degradation factors. Paradkar et al.13 described the 
successful encapsulation of curcumin with poly(vinyl)pyrrolidone 
as the encapsulating agent, using the spray drying technique to 
develop physical mixtures and solid dispersions of curcumin and 
PVP. The authors described good solubility for the solid disper-
sions developed in their study. Similar results have been reported 
by Desai and Park21 for vitamin C microencapsulation and by Anal 
et al.22 for ampicilin microencapsulation. These authors suggested 
that with increasing TPP addition to the formulations, the number 
of phosphate groups involved in the crosslinking process increases, 
consequently reducing the amount of chitosan amino groups that 
can interact with the drug. A reduction in encapsulation efficiency 
of the chitosan/TPP system has been reported by Liu et al.23 and 
by Desai and Park20 for acetaminophen microencapsulation using 
a chitosan/TPP system.
Fourier transform infrared spectroscopy (FT-IR) 
In Figure 2 depicts the FT-IR spectra for chitosan, curcumin and 
the microparticles. The FT-IR spectra for chitosan powder (Figure 2a) 
show characteristic absorption bands at 3443, 2923, and 2867 cm-1, 
which represent the presence of an OH group, a CH2 group and a 
CH3 group, respectively. C=O stretching (amide I) peak at 1659 cm-1 
representing the structure of N-acetylglucosamine while the NH2 
stretching (amide II) peak at 1569 cm-1 associated with the glucosa-
mine functional group were also present.4 
The spray-dried chitosan spectra (Figure 2b) show strong peaks 
at 1550 cm-1. In addition, the strong peak at 1500-1600 cm-1 and the 
weak peak near the 1400 cm-1 region were attributed to asymmetric 
and symmetric carboxylate anion stretching, respectively.24,25 The 
carbonyl stretching peak at 1659 cm-1 (amide I peak) disappeared 
and a new peak near 1630 cm-1 assigned to an asymmetric NH3+ 
bending was observed.26
The FT-IR curcumin spectrum (Figure 2e) shows characteristic 
absorption bands at 3451 cm-1 which represent phenolic OH at 
1620 cm-1, the C=O stretching peak of conjugated ketone at 1562 
and 1420 cm-1, C=C stretching of aromatic and aliphatic groups at 
1380 cm-1, CH3 stretching peaks present in the dye and the C–O–C 
stretching peak of ether at 1070 cm-1.27
In the FT-IR spectra for the microparticles containing TPP (Figure 
2c-e) the interaction between phosphate groups and protonated chi-
tosan amine groups was evident, represented by stretching close to 
1560 cm-1. These results are in agreement with similar data reported 
in the literature.28,29 Additional stretching vibrations at 1228 and 908 
cm-1 have been reported for phosphate groups present in the samples. 
Other evidence of the presence of TPP is the appearance of a new 
band at 1150 cm-1,30,31 indicating that the TPP phosphate groups were 
linked to the chitosan through intermolecular interactions.
Thermogravimetric analysis (TG/DTG)
Three stages of weight loss were observed for all samples (Figure 
3 and Table 1S, supplementary material), the first being responsible 
for a dehumidification process and the second related to evaporation of 
internally bound water in the polymer structure. The non-crosslinked 
sample presented a third stage at 302 °C, due to polymer decomposi-
tion. The curcumin standard had three stages of mass loss, the first 
at 67 °C related to dehumidification, and the second and the third at 
321 and 402 °C, related to the curcumin degradation, respectively.11 
Increasing the amount of TPP in the samples decreased the ther-
mal stability due to effective polymeric network formation. Similar 
profiles have been reported by Laus et al.29 and Stulzer et al..32 A high 
TPP concentration in the microparticles promotes interaction between 
(PO4)3- and NH3+ resulting in a more effective polymeric network, but 
also leads to low thermal stability.
Table 1. Properties and analysis of curcumin release data for curcumin /TPP/chitosan microparticles
Formulation LE% ± SD a Swelling SD b
Kinetic parameters
pH 1.2 pH 6.8
n R2 n R2
F1 72.99 ± 1.37 35.5 ± 2.50 0.85 0.991 0.31 0.991
F2 70.60 ± 1.60 30.4 ± 1.21 0.89 0.994 0.43 0.995
F3 69.31 ± 1.88 21.5 ± 1.72 0.92 0.997 0.37 0.992
F4 62.36 ± 1.36 15.2 ± 0.73 1.39 0.998 0.41 0.996
a
 Loading Efficiency ± Standard Deviation , n = 3. b Time required to obtain microparticles with constant mass in buffer solution pH 7.5; 24 h, n = 3.
Figure 2. FT-IR of chitosan (a), F1 (b), F2 (c), F3 (d), F4 (e) and curcumin (f)
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Differential scanning calorimetry (DSC)
DSC curves are shown in Figure 4. For pure chitosan, the glass 
transition temperature (Tg) was 100.4 °C. The standard chitosan 
produced in the spray drying method has a Tg of 125 °C, suggesting 
that the addition of acetic acid to the preparation promotes high 
rigidity of the sample. The curcumin addition in F1 shifted the Tg to 
91.30 °C, demonstrating that the dye is located between the polymeric 
chains, and increased the free volume and mobility of the system. 
The curcumin DSC curve shows an endothermic peak at 172 °C 
corresponding to the pigment melting point.27
DSC curves for F2, F3 and F4 exhibited high Tg values, ranging 
from 151 to 155 °C. This finding suggests that the addition of TPP to 
the samples promotes a structural change, due to ionic crosslinking 
in the microparticles. Papadimitriou et al.33 also reported changes in 
the Tg values for nanoparticles containing dorzolamide hydrochlo-
ride and pramipexole hydrochloride, crosslinked with TPP. These 
studies presented a Tg of 190 °C, while for the non-crosslinked 
nanoparticles the Tg was 157 °C. An effective polymeric network 
was formed when a crosslinked system was obtained, thus, curcumin 
was internally retained to a greater extent. This results in the shifting 
of the curcumin fusion peak to a higher temperature of around 250 
°C, suggesting a possible interaction between chitosan and curcumin. 
Curcumin binds to the new polymeric network via hydrogen bonds, 
promoting greater pigment dispersion and stability. Stulzer et al.32 
observed similar profiles in a study on chitosan/TPP used for acyclovir 
microencapsulation.
Swelling degree and in vitro release studies 
Table 1 shows the swelling degree of the samples containing 
the crosslinking agent. It has been reported in the literature that the 
swelling ability of spray-dried chitosan is higher than that of pure 
chitosan. When the chitosan is crosslinked, the swelling ability of the 
samples is reduced and the matrices more rigid. Ionic interactions 
between the negative charges of the crosslinker (TPP) and positively 
charged groups of chitosan are the main interactions occurring within 
the network. The swelling capacity of spray-dried chitosan micros-
pheres crosslinked with different volumes of TPP solution was pH-
-dependent. At pH 1.2, the samples swelled very quickly, leading to 
fast dissolution of the samples after 1 h. However, swelling at pH 6.8 
was slower. At pH 6.8, as the volume of added TPP solution increased, 
the swelling capacity of spray-dried chitosan microspheres decreased 
considerably (Table 1). These results suggest that a more tightly 
crosslinked chitosan matrix does not swell (lower water uptake) as 
much as a loosely crosslinked chitosan matrix. With a lower volume 
of TPP, the chitosan network is loose and has a high hydrodynamic 
free volume to accommodate more of the solvent molecules, thereby 
inducing chitosan–TPP matrix swelling.19-21
In vitro release profiles for different curcumin/TPP/chitosan 
microparticles are depicted in Figures 5 and 6. The results clearly 
indicate that the formulations had a differentiated pattern of rele-
ase. Figure 5 shows that there was fast release of the curcumin at 
pH 1.2 in comparison with pH 6.8 (Figure 6). At pH 1.2, the total 
release of curcumin was observed due to the complete dissolution 
of the microparticles while at pH 6.8 the curcumin was completely 
released by diffusion through the swollen polymeric matrix of the 
microparticles. The main difference observed in the release assays 
carried out at different pH values is that, at pH 1.2, the microparticles 
dissolved in the medium had a low swelling degree, whereas at pH 
6.8 the dye was released through a diffusion process, since swelling 
of the polymeric system occurred. For samples containing TPP, an 
increase in the amount of crosslinking agent promoted slower dye 
release from the microparticles at both pH values. 
For all of the controlled-release experiments, the linearization of 
the release curve was performed and mathematical modeling carried 
out to investigate the mechanism involved in the curcumin release. 
The Korsmeyer-Peppas model, a semi-empirical model correlating 
drug release with time through a simple exponential equation for 
the fraction of drug released, has previously been used to evaluate 
drug release from controlled-release polymeric devices. This model 
is particularly useful when the drug release mechanism is unknown 
or when there is more than one release mechanism.34,35 
Figure 3. Thermogravimetric curves for: a) spray-dried chitosan, b) F1, c) 
F2, d) F3, e) F4 and f) curcumin
Figure 4. DSC curves for: a) spray-dried chitosan, b) F1, c) F2, d) F3, e) F4 
and f) curcumin
Figure 5. Dissolution profiles of F1, F2, F3 and F4 in hydrochloric acid buffer 
(pH 1.2)
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Figure 6. Dissolution profiles of F1, F2, F3 and F4 in phosphate buffer (pH 6.8)
The Korsmeyer-Peppas model (Equation 2) is described below:
  (2)
where Mt /M∞ is the proportion of drug released at time t, k is the 
kinetic constant, and the exponent n has been proposed as indicative 
of the release mechanism. In this context, n ≤ 0.43 indicates Fickian 
release and n = 0.85 indicates a purely relaxation-controlled delivery 
referred to as Case II transport. Intermediate values 0.43 < n < 0.85 
indicate an anomalous behavior (non-Fickian kinetics corresponding 
to coupled diffusion/polymer relaxation).36,37 Occasionally, values of 
n > 0.85 have been observed and regarded as super Case II kinet-
ics.38,39 The linear form of Equation 1, plotting ln Mt /M∞ against ln 
t, yielded the diffusion exponential (n), the Pearson coefficient (r2) 
and the diffusion constant (k).
The investigation into the mechanism of curcumin release 
from curcumin/TPP/chitosan microparticles indicated that the dye 
is released from the microparticles at pH 1.2 via the super Case II 
mechanism (n value in the range 0.5 to 1.39), which involves simul-
taneous contributions from dissolution, relaxation of the polymeric 
chain, erosion and swelling of the chitosan. However, at pH 6.8, 
the samples presented a Fickian mechanism (n ≤ 0.43) of curcumin 
release, indicating that the dye is released from the microparticles 
by diffusion through the swollen polymeric matrix.
These results suggest that the use of TPP as a crosslinking agent 
is an appropriate means of controlling dye release from chitosan 
microparticles (Table 1), since an increase in concentration of TPP 
in the crosslinking process promotes a decrease in curcumin release 
rate.40 Similar release profiles were observed by Desai and Park21 for 
vitamin C release from TPP/chitosan systems and by Stulzer et al.32 
in acyclovir microparticles.
CONCLUSIONS
In this study, chitosan microparticles containing curcumin cross-
linked with TPP were efficiently prepared in one step using the spray 
drying technique. The results obtained indicated that curcumin release 
is modulated by addition of higher concentrations of TPP. Also, the 
dye was found in an amorphous and dispersed state at the molecular 
level in the microparticles, promoting an increase in its solubility in 
aqueous solutions. Solubility is a fundamental parameter in terms of 
promoting any effect impacting the application of the dye. Thus, an 
increase in the solubility characteristic is an important step toward 
the future use of curcumin for different purposes.
 (2)
SUPPLEMENTARY MATERIAL
Available at http://quimicanova.sbq.org.br, in the form of a PDF 
file, with free access.
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